Multidrug resistance (MDR) of cancer cells poses a serious obstacle to successful chemotherapy. The overexpression of multispecific ATP-binding cassette transporters appears to be the main mechanism of MDR. A search for MDR-reversing agents able to sensitize resistant cells to chemotherapy is ongoing in the hope of their possible clinical use. Studies of MDR modulators, although they have not produced clinically beneficial effects yet, may greatly enrich our knowledge about MDR transporters, their specificity and mechanism of action, especially substrate and/or inhibitor recognition. In the present review, interactions of three groups of modulators: phenothiazines, flavonoids and stilbenes with both P-glycoprotein and MRP1 are discussed. Each group of compounds is likely to interact with the MDR transporters by a different mechanism. Phenothiazines probably interact with drug binding sites, but they also could indirectly affect the transporter's activity by perturbing lipid bilayers. Flavonoids mainly interact with ABC proteins within their nucleotide-binding domains, though the more hydrophobic flavonoids may bind to regions within transmembrane domains. The possible mechanism of MDR reversal by stilbenes may result from their direct interaction with the transporter (possibly within substrate recognition sites) but some indirect effects such as stilbene-induced changes in gene expression pattern and in apoptotic pathways should also be considered. Literature data as well as some of our recent results are discussed. Special emphasis is put on cases when the interactions of a given compound with both P-glycoprotein and MRP1 have been studied simultaneously.
MULTIDRUG RESISTANCE
Systemic chemotherapy is currently the main therapeutic method to treat metastasized tumors. Unfortunately, the outcome of the therapy is often fatal mainly due to tumor resistance that may be either an intrinsic feature of the specific cancer type or may be acquired during the course of initial chemotherapy. If cancer cells gain simultaneous resistance to many structurally and functionally unrelated drugs, even those to which they have not been exposed previously, the phenomenon is termed multidrug resistance (MDR) (Kaye, 1988) . Resistance to chemotherapy may include several non-related mechanisms such as: altered transmembrane drug transport (i.e., decreased influx and/or increased efflux); altered drug metabolism; alterations of drug's target; enhanced DNA repair; changes in apoptotic pathways (e.g., resistance to pro-apoptotic signals), and others (Skovsgaard et al., 1994; Lage, 2008) . Nevertheless, changes in cellular drug accumulation caused by overexpression of multispecific ATP-binding cassette transporters (ABC transporters) are widely regarded as the main molecular mechanism of MDR (Kane, 1996; Gottesman et al., 1996) . To date, 48 ABC transporters have been identified in humans (Dean, 2005) and twelve of them have been recognized as putative drug transporters (Lage, 2003) . However, the vast majority of clinically important cases of MDR seem to be the result of overexpression of only three proteins: P-glycoprotein (P-gp, ABCB1), multidrug resistance-associated protein 1 (MRP1, ABCC1), and breast cancer resistance protein (BCRP, ABCG2) (Sharom, 2008) . These transporters use energy of ATP hydrolysis to pump anticancer drugs out of the cell in this way reducing their intracellular concentration and enabling cancer cells to survive (Choudhuri & Klaassen, 2006) . Some aspects of the interaction of substrates and modulators with Pglycoprotein and MRP1 will be shortly described in the present review, but for a full account of the structure and function of ABC proteins the reader is referred to the recent extensive reviews (Ambudkar et al., 2006; Deeley & Cole, 2006; Gutmann et al., 2010) .
P-GLYCOPROTEIN
P-glycoprotein is a 170-kDa transmembrane protein that was discovered in 1976 (Juliano & Ling, 1976) . P-gp is physiologically expressed in apical membranes of polarized epithelial cell layers in many secretory, excretory and barrier tissues (Schinkel, 1997) . It is believed to play an important role in cellular detoxification by influencing the absorption and tissue penetration of xenobiotics (Fromm, 2000) . P-gp transports an enormous number of substrates including anticancer drugs (e.g., anthracyclines, Vinca alkaloids), antifungals, antibiotics, detergents, HIV * e-mail olawes@biofiz.am.wroc.pl Abbreviations: CPZ, chlorpromazine; FAR, fluorescence activity ratio, defined as intracellular fluorescence intensity of modulatortreated cell population divided by fluorescence intensity of untreated sample; GSH, glutathione; MDR, multidrug resistance; MDR ratio, a ratio of IC 50 value of anticancer drug to IC 50 of this drug with modulator; MRP1, multidrug resistance-associated protein 1 (ABCC1); NBD, nucleotide-binding domain; P-gp, P-glycoprotein (ABCB1); SAR, structure-activity relationship; TDZ, thioridazine; TFP, trifluoperazine; TMD, transmembrane domain. Vol. 58, No 4/2011 433-448 on-line at: www.actabp.pl protease inhibitors, and many others (Ambudkar et al., 1999) . These compounds share no structural similarity, however, all P-gp substrates are relatively hydrophobic and have a neutral or cationic character under physiological conditions (Gottesman & Pastan, 1993) . Analysis of one hundred compounds whose interaction with P-gp had been previously tested led Seelig (1998) to propose that P-gp required the presence of electron donor groups separated by a fixed distance in the substrate molecules. Two types of substrate recognition elements were defined: type I units (two electron donor groups separated from one another by 2.5 ± 0.3 Å) and type II units (two or three electron donor groups separated by 4.6 ± 0.6 Å). These electron donor groups could be e.g., carbonyl, hydroxy, or tertiary amino groups, p-electron systems, or certain halides. The binding of the substrate to P-gp increased with the number of type I and type II units present in the substrate molecule (Seelig, 1998) . In case of molecules possessing an identical number of electron donor units, P-gp binding was proportional to their overall hydrophobicity (Seelig, 1998) . Additionally, it was shown that P-gp accepted neutral or cationic type I recognition units, while negatively charged type I units were not accepted in the substrate molecules (Seelig et al., 2000) .
Structure
P-glycoprotein is composed of two transmembrane domains (TMDs) each containing six α-helices and two cytoplasmic nucleotide binding domains (NBDs) (Fig.  1A) . Early studies that employed mutational analysis and photoaffinity labeling followed by protein digestion identified the substrate binding site to be located within transmembrane domains (reviewed in: . The results pointed to transmembrane helices 3, 5, 6, 8, 11 and 12 to be engaged in formation of the binding site. Additionally, it has been observed that more than one substrate molecule can bind to P-gp at the same time and that different substrates can allosterically modulate each other's transport (Shapiro & Ling, 1997; Loo et al., 2003) . For example, rhodamine 123 was found to bind to a different site on P-gp (R-site) than Hoechst 33342 (H-site) and the two reciprocally stimulated each other's transport (Shapiro & Ling, 1997) . Such observations led many authors to propose that there were several (two to four), partially overlapping, binding sites for different drugs (Dey et al., 1997; Shapiro & Ling, 1997; Martin et al., 2000; Loo et al., 2003; Lugo & Sharom, 2005) . Nowadays, new structural data on P-gp allow for the integration of these multiple binding sites into one large binding cavity model in which different substrates occupy different regions of the binding pocket and interact with different amino acid residues (Ambudkar et al., 2006; . It seems likely that the existence of such a large, flexible hydrophobic pocket is a common feature of many polyspecific proteins, for example bacterial multidrug-binding transcription factors or multidrug transporters from such superfamilies as the ABC family (ATP-binding cassette), the MSF family (major facilitator superfamily), the RND family (resistance-nodulation-division), and the SMR family (small multidrug resistance) (Higgins, 2007) .
Initially, basing on a comparison of structures of many P-gp substrates, aromatic amino acid residues have been proposed to play an important role in the substrate recognition and binding by P-gp (Seelig et al., 2000) . This hypothesis was partially corroborated by structural information gained by Aller et al. (2009) . The crystal structure of nucleotide-free murine P-gp, obtained at 3.8 Å resolution, revealed an inward-facing structure, with two NBD domains separated from each other by about 30 Å (Fig. 1C) . A large internal cavity (about 6000 Å 3 volume) constituted a putative substrate binding region. This cavity was formed by transmembrane helices and was acces- Predicted membrane topology of P-glycoprotein (A) and MRP1 (B), three dimensional structure of P-gp in the inward-facing conformation (C), and model for drug efflux by P-glycoprotein (D) showing its inward-facing structure able to accommodate ligands from the cytoplasm and inner membrane leaflet (left) and its putative outward-facing structure able to release ligands (right). The structure in (C) was generated using StarBiochem application on the basis of mouse P-gp structure of Aller et al. (2009) (PDB accession code 3G5U).
sible both from the cytoplasm and the inner leaflet of the lipid bilayer. This is in accordance with the molecular "vacuum cleaner" hypothesis that assumes that P-gp can recognize and bind its substrates within the membrane (Raviv et al., 1990) . Additionally, a lower resolution structure of P-gp with an inhibitor bound within the cavity was obtained (Aller et al., 2009) and indeed many aromatic amino acid residues were observed to be in close proximity to the inhibitor molecule.
Mechanism of action
The molecular mechanism of drug transport by P-gp as well as the mechanism of coupling of ATP hydrolysis to drug transport are not fully understood at present. The transporter is characterized by some level of basal ATPase activity that is greatly stimulated in the presence of substrates (Ambudkar et al., 1999) . ATPase activity of both NBDs is required for proper P-gp function and the nucleotide is alternately hydrolyzed in both catalytic sites (Senior et al., 1995) . It has also been demonstrated that the transport of one drug molecule is accompanied by hydrolysis of two ATP molecules (Sauna & Ambudkar, 2000) .
Biochemical data together with structural data obtained for P-gp and two bacterial ABC transporters (Sav1866 and MsbA) allowed a model of conformational changes during P-gp transport cycle to be proposed ( Fig. 1D ) (Aller et al., 2009; Gutmann et al., 2010) . First, a substrate molecule is bound to P-gp that is in a nucleotidefree, inward-facing conformation. Next, binding and/or hydrolysis of ATP induces a conformational change in both NBDs, which approach each other, and in transmembrane domains. This results in an outward-facing conformation with the binding cavity now accessible to the outer leaflet of the cell membrane and the extracellular environment. In this conformation the substrate affinity to P-gp is substantially reduced. The following step is the release of the substrate, and finally P-gp is reset to the inward-facing conformation. This model is in accordance with the one previously proposed by Ambudkar et al. (1999) on the basis of biochemical studies alone. Their model assumed that during the transport cycle the drug-binding site of P-gp altered its conformation between the ON state (high affinity for substrate) and the OFF state (low affinity). Additionally, the model of Gutmann et al. (2010) provides structural basis for the change of P-gp affinity for the substrate during the transport cycle. These authors postulate rotation of P-gp transmembrane helices during the conformational change from the inward-to the outward-facing state. In this way, the amino acid residues that are important for the interaction with the drug in the high-affinity state are facing away from it in the low-affinity state and cannot participate in the drug binding.
MRP1
Multidrug resistance-associated protein 1 was first identified in 1992 in doxorubicin-resistant lung cancer cells (Cole et al., 1992) . Physiologically, MRP1 is expressed mainly in the basolateral membrane of polarized cell layers and its function in non-malignant cells is likely to be the participation in the final steps of cellular detoxification (Keppler et al., 1997) . The protein also functions as a glutathione-S-conjugate export pump of erythrocytes (Pulaski et al., 1996) and as a transporter of glutathione-conjugated leukotriene LTC 4 in mast cells (Leier et al., 1994) , which suggests some role in the modulation of the immune response.
The substrate specificities of MRP1 and P-gp partially overlap; MRP1 confers resistance to many anticancer drugs (e.g., anthracyclines, Vinca alkaloids, etoposide, paclitaxel), antivirals, antibiotics, and other compounds (Leslie et al., 2005; Deeley & Cole, 2006) . In contrast to P-gp, which is an active transporter of unconjugated xenobiotics, MRP1 requires the presence of reduced glutathione (GSH) to transport unmodified anticancer drugs, e.g., vincristine (Loe et al., 1996; Leslie et al., 2005) . Substrates predominantly transported by MRP1 are glutathione, glucuronate and sulfate conjugates of organic anions of exogenous and endogenous origin, as well as oxidized glutathione (Keppler et al., 1997) . The preference of MRP1 for negatively charged substrates has been corroborated by Seelig et al. (2000) who demonstrated that MRP1, similarly to P-gp, recognized type I and type II electron donor units. MRP1, however, does not transport compounds that contain cationic type I recognition units (such compounds are typical P-gp substrates) and compounds that carry exclusively electrically neutral recognition units are transported only weakly. Good MRP1 substrates contain up to four negatively charged type I recognition units such as the carboxylic acid group, the sulfonic acid group or the sulfate group (Seelig et al., 2000) .
Structure
Structurally, MRP1 and P-gp bear many similarities even though the proteins share only 15 % sequence identity (Cole et al., 1992) . MRP1 is a protein of about 190 kDa and contains two NBDs coupled to two TMDs whose helices form drug binding pocket (reviewed in: Hipfner et al., 1999) . An additional N-terminal domain, probably composed of five transmembrane α-helices, is present in MRP1 (Fig. 1B) . This domain, however, seems to have no importance for substrate binding as N-terminally truncated MRP1 retains its transport function (reviewed in: Deeley & Cole, 2006) . It plays, however, an important role in processing and trafficking of the transporter.
The most recent structure of MRP1 obtained by cryoelectron microscopy of 2D crystals (Rosenberg et al., 2010) has revealed an inward-facing structure with separated NBD domains similar to the structure obtained previously for P-gp (Aller et al., 2009) . Unfortunately, the resolution of the MRP1 structure (1/6 per Å -1 ) was too low to allow for identification of protein fragments engaged in the formation of the drug binding pocket. Only the spatial orientation of the transmembrane domains was determined as well as the positions of long transmembrane α-helices (Rosenberg et al., 2010) .
Amino acid residues from both transmembrane domains of MRP1 seem to contribute to its drug binding pocket (reviewed in: Deeley & Cole, 2006) . Mutational, cross-linking and photoaffinity labeling studies have pointed out to the engagement of transmembrane helices 10, 11, 16 and 17. Additionally, the linker between the additional N-terminal domain of MRP1 and the first TMD was reported to be essential for substrate recognition (Deeley & Cole, 2006) . Similarly to P-gp, the phenomenon of reciprocal stimulation of transport of one compound by another was also observed for MRP1 and other proteins from the MRP family; in this case one of the substrates was usually GSH (Loe et al., 2000a; Leslie et al., 2003) . This was initially interpreted as a co-transport of a drug and glutathione by MRP1 (Loe et al., 1998) . Further interpretation assumed the existence of two positively cooperative binding sites for a drug (Dsite) and GSH (G-site) (Evers et al., 2000) . More recent data seem to corroborate the latter model (for a review see (Borst et al., 2006) ). Whether the binding of the drug and glutathione occurs in two separate binding sites or the two putative sites are formed by different regions of one large binding pocket remains to be established. However, by analogy with P-glycoprotein, for which recent data suggest rather the existence of one large hydrophobic pocket, also the presence of one large pocket seems to be more likely for MRP1. It is easy to imagine that binding of one molecule (e.g., GSH) to one region of the relatively flexible binding pocket would change its shape in such a way that the binding of the second substrate would be facilitated.
At present, not much is known about the amino acid residues forming the drug recognition pocket of MRP1. On the basis of molecular modeling Seelig et al. (2000) proposed that the MRP1 binding pocket contained several cationic residues that could form hydrogen bonds with the transported substrates and neutralize their negative charge. However, also aromatic amino acid residues have been proposed to play an important role in drug binding (Campbell et al., 2004) . Recent mutational studies have confirmed this notion (reviewed in (Deeley & Cole, 2006) and several aromatic residues were proposed to form an aromatic "basket" located close to the cytosolic interface of the putative drug binding pocket. However, only a high resolution crystal structure of MRP1 could elucidate the molecular details of substrate recognition by this protein.
Mechanism of action
MRP1 is characterized by basal ATPase activity comparable to the basal activity of P-gp that can also be stimulated by substrates (Mao et al., 1999) . In contrast to P-gp, whose NBD domains are thought to be functionally equivalent, the NBD domains of MRP1 differ in their properties and probably also function (Payen et al., 2003; Yang et al., 2003) . The N-terminal NBD (NBD1) binds ATP with high affinity but has low hydrolytic activity, while the opposite is true for the C-terminal NBD (NBD2) (Payen et al., 2003) . It has been shown that ATP hydrolysis at NBD2 is crucial for substrate transport by MRP1, while NBD1 is speculated to play a regulatory role (Yang et al., 2005) .
The general mechanism of drug transport by MRP1 is believed to be similar to the one of P-glycoprotein. At present there is no data on conformational changes that MRP1 undergoes during the substrate transport cycle.
MULTIDRUG RESISTANCE MODULATORS
The initial idea to reduce clinical consequences of multidrug resistance was to circumvent this phenomenon by the simultaneous application of anticancer drugs together with inhibitors of MDR transporters, in this way hoping to improve the efficacy of chemotherapy (Beck, 1984; Fojo et al., 1987) . Any chemical compound able to interfere with active transport of the drugs out of the cell is termed MDR modulator, reverser or chemosensitizer. An ideal MDR modulator should inhibit drug efflux, increase intracellular accumulation of anticancer agents and, finally, make resistant cells sensitive to the drug again. Of course, such an MDR-reversing agent should be non-toxic itself and should not interfere with other cellular processes. Several putative molecular mechanisms of inhibition of MDR transporters have been proposed by Ambudkar et al. (1999) . The authors hypothesized that the modulators could: i) bind directly to the drug binding pocket of an ABC protein and inhibit substrate transport in a competitive or non-competitive manner; ii) block the binding of ATP to the protein; iii) inhibit ATP hydrolysis; or iv) uncouple ATP hydrolysis from the translocation of the drug. The modulators could also induce changes of the biophysical properties of the lipid bilayer in which the MDR transporter is embedded interfering in this way with its transport activity (Hendrich & Michalak, 2003) .
Since no MDR modulators applicable to regular clinical use have been identified so far, the search is still on. Hundreds of compounds able to inhibit P-glycoprotein or MRP1 have been identified. Their structural diversity is almost as wide as the diversity of substrates recognized by MDR transporters. In order to rationalize the search and synthesis of promising MDR reversal agents many attempts have been made to recognize the features important for their inhibitory activity (for review see Stouch & Gudmundsson, 2002; McDevitt & Callaghan, 2007) . Early structure-activity relationships (SAR) studies analyzing P-gp inhibitors pointed to their lipophilicity, planar structure, and cationic charge (often located in a cyclic structure containing a nitrogen atom) (Zamora et al., 1988) . In their SAR study on about 100 P-gp substrates and modulators Wang et al. (2003) identified the following features characterizing good P-gp inhibitors: i) lipophilicity (logP > 2.92); ii) long axis of the molecule of minimum 18 carbon atoms; iii) nucleophility; and iv) at least one tertiary amine that could form a cation at physiological pH. Recently, Brocatelli et al. (2011) stressed that P-gp inhibitors should possess a minimum one hydrogen bond acceptor (while hydrogen bond donors are not necessary), an optimal shape of the molecule, as well as at least one large hydrophobic region. When properties that differentiate P-gp substrates from inhibitors are considered, a higher transmembrane diffusion rate of inhibitors than of substrates is frequently mentioned (Eytan et al., 1996; Marbeuf-Gueye et al., 1999) .
Structure-activity relationships of MRP1 inhibitors have been less intensively investigated. The majority of reports concentrated on SAR studies of sets of MRP1 inhibitors comprising one group of closely related compounds, e.g., verapamil analogs (Loe et al., 2000b) , pyrrolopyrimidines (Tawari et al., 2008) , and flavonoids (van Zanden et al., 2004; 2005) . Pajeva et al. (2009) used a large set of compounds from three different chemical groups to model the pharmacophores of both P-gp and MRP1. They identified the following features common to the inhibitors of both MDR transporters: i) the presence of at least one hydrogen bond acceptor group (A) of limited flexibility (e.g., in a planar ring system or directly substituted to such a ring); ii) an additional hydrophobic center located far from the group A, preferably in a flexible side chain; iii) a tertiary protonable nitrogen that could be either a hydrogen bond acceptor or donor. Differences between the requirements of the two transporters were also noticed. Namely, MRP1 preferred lower flexibility of group A as compared to P-gp; P-gp required the presence of an additional acceptor group in the molecule; and finally, the distances between the pharmacophore features of similar functionalities dif-fered between P-gp and MRP1 (variable in P-gp versus about 5 Å in MRP1) (Pajeva et al., 2009) .
Several generations of identified MDR modulators have been clinically tested so far (reviewed in: Lee, 2010; . The first generation of MDR modulators included compounds known for biological activity of a different type that were additionally observed to inhibit P-glycoprotein (e.g., calcium channel blocker verapamil, antipsychotic trifluoperazine or immunosuppressant cyclosporine A). These compounds failed in clinical studies mostly because of their intrinsic toxicity that resulted in intolerable side effects that prevented obtaining serum levels of the modulators sufficient for effective P-gp inhibition (Raderer & Scheithauer, 1993) . The synthesis of the first generation modulators' derivatives with improved efficacy and reduced toxicity yielded the second generation of putative chemosensitizers (e.g., PCS833 -Valspodar). Their therapeutic use was prevented mainly by their impairment of anticancer drug elimination and metabolism which resulted in greatly increased concentrations of the cytotoxic drugs in patients' plasma (Leonard et al., 2002) . This was mainly due to their inhibitory action against not only P-glycoprotein but also cytochrome P450. The third generation of MDR modulators, lacking the disadvantages of their antecedents, that is currently under investigation (e.g., LY335979 -Zosuquidar) gives some hope for effective pharmacological modulation of multidrug resistance. Zosuquidar proved to be effective in Phase I/II clinical trials in patients with acute myeloid leukemia (Gerrard et al., 2004) and non-Hodgkin's lymphoma (Morschhauser et al., 2007) . Apart from Zosuquidar, at least two other substances, GF120918 and CTB-1, are currently entering Phase II/III clinical trials (Lee, 2010) . Recently, there has also been great interest in screening natural products in search for putative chemosensitizers of low toxicity (Teodori et al., 2006; Molnar et al., 2010) . Promising candidates have been identified among flavonoids, stilbenoids, coumarins, carotenoids, diterpenes and curcumin derivatives.
While most research groups concentrate their efforts on identifying candidate MDR modulators with the use of such modern approaches as bioinformatics or combinatorial chemistry, voices are being raised that not pharmacological reversal of MDR but rather the avoidance of its emergence is the correct solution to this clinical problem (Higgins, 2007) . Especially the importance of the normal tissue-protecting function of P-glycoprotein that may be risky to interfere with is stressed, together with the relative ease of switching on the expression of other types of MDR transporters by chemotherapy-treated cells in response to P-gp blockade.
One of the main problems in successful MDR modulation seems to be the relatively low selectivity of the reversal agents tested against P-glycoprotein . Moreover, in contrast to P-gp inhibitors, only a very limited number of MRP1-specific inhibitors have been reported (Sharom, 2008) . A same modulator can inhibit both P-glycoprotein and MRP1, some are selectively active towards only one of them, and also the situation when one of the transporters is inhibited and the other stimulated is possible. Therefore simultaneous studying of the activity of the same substances against both main MDR-associated proteins seems important for understanding the molecular mechanism of the modulator-transporter interaction.
In the present review, the interaction of three groups of MDR modulators: phenothiazines, flavonoids and stilbenes with both P-glycoprotein and MRP1 are discussed. Compounds from each group are likely to interact with MDR transporters by diverse mechanisms (see below). Literature data as well as some of our recent results are discussed. Special emphasis is put on cases when interactions of a given compound with both main MDR transporters was studied.
PHENOTHIAZINES
Phenothiazine derivatives (Fig. 2) are antipsychotics that have been used in the therapy of mental disorders (e.g., schizophrenia) for more than 50 years (Marques et al., 2004) . Their postulated mechanism of action is blocking of dopamine receptors (Peroutka & Snyder, 1980) ; they have also been found to interact with many ion channels (reviewed in: Michalak et al., 2007) . Trifluoperazine (TFP) is also a potent inhibitor of calmodulin (Johnson & Wittenauer, 1983) , protein kinase C (Font et al., 1990) and adenylate cyclase (Doualla-Bell Kotto Maka et al., 1990) . Additionally, phenothiazines can strongly influence biophysical properties of one-component lipid bilayers as well as model membranes containing cholesterol-enriched microdomains (Hendrich et al., 2001; Wesolowska et al., 2011) .
Interaction of phenothiazines with P-gp
The ability of TFP to increase the accumulation of cytotoxic drugs in resistant cancer cells was discovered as early as 1982 (Tsuruo et al., 1982) , however, its potency to reverse MDR in P388 mouse leukemia cells varied when different anticancer agents were used (Ganapathi et al., 1984) . TFP was one of the first MDR modulators tested in clinical trials, but the outcome was negative since the plasma concentrations of TFP achieved were far too low to be effective (reviewed in: Raderer & Scheithauer, 1993) . Then inhibition of P-glycoprotein transport activity by TFP was confirmed in various cellular models (Ramu & Ramu, 1992; Leite et al., 2006; Wesolowska et al., 2009a) . Other antipsychotic phenothiazines such as chlorpromazine (CPZ) (Ford et al., 1989; Molnar et al., 2003; Wang et al., 2006) , thioridazine (TDZ) (Ramu & Ramu, 1992; Wesolowska et al., 2009a) , fluphenazine (Ramu & Ramu, 1992; Szabo et al., 1999) , promethazine (Ford et al., 1989; Motohashi et al., 1997; Molnar et al., 2003) and thiethylperazine (Ramu & Ramu, 1992; Wesolowska et al., 2009a) have also been demonstrated to impair drug efflux mediated by P-gp. Depending on the model system and the method used for the assessment of anti-MDR activity different phenothiazines were identified as the most potent P-gp inhibitors. Among the antipsychotic phenothiazines studied for MDR reversal in a doxorubicinresistant murine leukemia cell line (P388/ADR) TFP, thiethylperazine, promethazine, and TDZ proved to be the most effective (Ramu & Ramu, 1992) . In a doxorubicin-resistant human breast cancer cell line (MCF-7/ DOX) the highest MDR ratio was recorded for TFP (MDR ratio = 3.4 ± 0.4), fluphenazine (2.7 ± 0.3), and prochlorperazine (2.6 ± 0.4) (Ford et al., 1989) . The MDR ratio was defined by the authors as the ratio of the IC 50 value for doxorubicin to the IC 50 for doxorubicin with phenothiazine added in a concentration that alone produced 10 % inhibition of cellular growth. The antipsychotic phenothiazines (tested at 4 μg/ml) that were identified as the most effective P-gp inhibitors in mouse T lymphoma cells ectopically expressing human MDR1 gene (L5178 MDR) included thiethylperazine (FAR = 62.1 ± 11.7), TDZ (56.8 ± 10.3), TFP (49.2 ± 9.1), and perphenazine (7.9 ± 1.3) (Wesolowska et al., 2009a) . Fluorescence activity ratios (FAR) were defined as the ratios of rhodamine 123 intracellular fluorescence intensity of modulator-treated cell population to the fluorescence intensity of untreated cells.
The phenothiazine scaffold has been subjected to chemical modifications that yielded many new derivatives with significant inhibitory activity against P-glycoprotein ( Motohashi et al., 1997; Wesolowska et al., 2002; Barbieri et al., 2003; Konya et al., 2006; Bisi et al., 2008; Schmidt et al., 2008) . Effective P-gp inhibitors have been identified among phenothiazine acetylamides, methoxycarbonylamides, and methanesulfonylamides (tested at 40 μg/ ml) (Wesolowska et al., 2002) , as well as among phtalimido-and chloroethylphenothiazines (tested at 20 μM) (Motohashi et al., 1997) ; the FAR values for the most effective compounds from all groups ranged from 10 to 20. Konya et al. (2006) reported phenothiazine derivatives able to inhibit calcein-AM efflux in MDCK cells ectopically expressing human MDR1 gene with IC 50 values below 1 μM. The most active compound from the group of phenothiazine derivatives bearing a but-2-ynyl amino side chain (tested at 10 μM) was characterized by the MDR ratio for doxorubicin above 7 in two resistant hematological tumor cell lines, HL60R and CEM/ VBL300 (Bisi et al., 2008) .
Numerous studies have been performed in order to identify structural features important for phenothiazines to constitute good MDR reversing agents (for a review see Michalak et al., 2006; Tsakovska & Pajeva, 2006) . Analysis of 30 phenothiazines revealed that high MDR reversal activity was displayed by compounds possessing hydrophobic substituent (e.g., Cl or CF 3 ) at position 2 of phenothiazine ring, a four-carbon atom linker between the ring system and the side group and a tertiary (preferably cyclic) amine in the side chain (Ford et al., 1989) . The work of Ramu & Ramu (1992) on more than 200 phenothiazines and related drugs also pointed to the importance of a hydrophobic substituent at position 2 of the ring (however COCH 3 and SOCH 3 groups were identified as better than CF 3 ) and a cyclic tertiary amine in the side chain, additionally the presence of carbonyl groups substituted either on the rings or on the ring-side chain linker was found to increase the anti-MDR activity of phenothiazines. Virtually the same structural elements were identified as important features of effective MDR modulators in several studies conducted on smaller groups of newly-synthesized phenothiazine derivatives (Barbieri et al., 2003; Konya et al., 2006; Bisi et al., 2008; Schmidt et al., 2008) . The results of molecular modeling studies of phenothiazines are in general agreement with the results described above. Pajeva and Wiese (1998) pointed to the importance of hydrophobicity of the ring system, type of the substituent at position 2, and the requirement of some minimal distance between the phenothiazine nucleus and the positively charged side chain. Molecular modeling has also revealed that proper spatial arrangement of hydrophobic (ring, substituent at position 2) and hydrophilic elements (hydrogen bond acceptor) in the phenothiazine molecule is crucial for MDR reversal (Tsakovska, 2003) . Additionally, COC 2 H 5 and COC 3 H 7 groups and tertiary nitrogen in the piperazine moiety were identified as the most favorable ring substituents and side chain type, respectively. On the other hand, Dearden et al. (2003) in their SAR study failed to correlate the phenothiazine-type modulator's hydrophobicity and spatial arrangement of its hydrogen bond donor/ acceptor groups with its MDR modulatory activity. Instead, molecular size as well as the compound's polarity and polarisability were identified as important factors for MDR reversal by phenothiazine derivatives.
Interaction of phenothiazines with MRP1
The interaction of phenothiazine derivatives with MRP1 has not been intensively studied. Phenothiazines bear a positive charge at physiological pH and thus they are not likely to be substrates of MRP1 that preferentially transports anionic or neutral compounds. However, two reports exist in which the influence of phenothiazines on MRP1 transport activity was monitored (Wesolowska et al., 2005a; 2009a) . MRP1 is physiologically expressed in human erythrocytes and the test based on monitoring the efflux of a fluorescent carboxyfluorescein derivative (BCPCF) had previously been demonstrated to be indicative of MRP1 activity (Rychlik et al., 2003) . Phenothiazine maleates were found to significantly stimulate MRP1-mediated BCPCF transport out of erythrocytes (Wesolowska et al., 2005a) . Similar stimulation effects were observed for a group of six commercially available phenothiazines (Wesolowska et al., 2009a) . Using both whole erythrocytes and inside-out vesicles prepared from erythrocyte membranes it was demonstrated that the observed effect was due to a stimulation of an active transport system and not to, for example, increased membrane permeability (Wesolowska et al., 2005a) . However, it remains to be solved whether the observed stimulatory effect of phenothiazine derivatives is specific only for one substrate (BCPCF) or is a more general phenomenon.
Interaction of phenothiazines with both transporters
The phenothiazine maleates shown to stimulate MRP1-mediated BCPCF transport out of human erythrocytes (Wesolowska et al., 2005a) had earlier been identified as P-glycoprotein inhibitors in mouse T lymphoma cells transfected with a human MDR1 gene expression construct (Wesolowska et al., 2002; Hendrich et al., 2003b) . Their anti-P-gp activity was, however, marginal in the doxorubicin-resistant human uterine sarcoma cell line MES-SA/Dx5 (Wesolowska et al., 2005b) . Six commercially available phenothiazines found to stimulate BCPCF efflux were also demonstrated to be effective P-gp inhibitors (Wesolowska et al., 2009a) .
No correlation was noticed between the ability of the phenothiazines to inhibit P-glycoprotein and to stimulate MRP1 (Wesolowska et al., 2005a; 2009a) .
Putative mechanism of MDR reversal by phenothiazines
At present, the molecular mechanism of the phenothiazines' interaction with P-glycoprotein is not understood in detail. Nevertheless, most data suggest that phenothiazine derivatives can bind directly to the protein (Ayesh et al., 1996; Liu & Sharom, 1996; Safa, 1998; Liu et al., 2000) . TFP was demonstrated to bind to the transporter which manifested as quenching of the fluorescence of P-gp tryptophan residues (Liu et al., 2000) as well as external fluorescent probe MIANS (Liu & Sharom, 1996) . TFP was also shown to stimulate P-glycoprotein ATPase activity in plasma membranes isolated from MDR leukemic cells (Shepard et al., 1998) . In turn, CPZ was actively transported by P-gp in the same cell model (Syed et al., 1998) .
The binding sites for P-gp-interacting drugs are likely to be formed by different regions of the P-gp binding pocket; moreover, binding sites for dissimilar compounds may overlap at least partially (Ambudkar et al., 2006; . Binding of one modulator or substrate can exert various effects on the binding or transport of another one -both positively co-operative and competitive effects have been reported (Ayesh et al., 1996) . Taking into account the structural information about the binding pocket of P-gp (see above) it is quite likely that the binding sites for each type of substrate/ modulator are not well separated. Such an assumption is helpful in understanding why the specificity of the putative phenothiazine binding site was described in a dissimilar manner by different research groups. Ayesh et al. (1996) studied the interaction of pairs of modulators with P-gp and concluded that there were two binding sites: one with affinity for TFP and verapamil, and the second to which vinblastine and tamoxifen bound (Fig. 3A) . Similar results were obtained by Akiyama et al. (1988) who demonstrated that TFP, TDZ and CPZ were only weak inhibitors of P-glycoprotein photoaffinity labeling with a vinblastine analog. On the other hand, the most popular two-site model for P-gp proposed by Shapiro and Ling (1997) assumed the existence of Rand H-sites that were positively co-operative (Fig. 3B) . Rhodamine 123 and doxorubicin bound to the first site (R-site), Hoechst 33342 and colchicine to the other one (H-site), while vinblastine showed no preference for binding. This model was subsequently supplemented by a third allosteric site interacting with prazosin that stimulated the transport of both rhodamine 123 and Hoechst 33342 (Shapiro et al., 1999) (Fig. 3B) . Safa et al. (1994) labeled P-glycoprotein with two photoaffinity probes: prazosin analog AAP and NAPS which was presumed to interact with P-gp at the same site as the anticancer drugs vinblastine, colchicine and doxorubicin. Phenothiazines were shown to compete with NAPS labeling and to stimulate AAP labeling. Further work brought the authors to the conclusion that phenothiazines interacted with P-glycoprotein at the same site where vinblastine, verapamil and cyclosporin A, but not prazosin, were bound (Safa, 1998) (Fig. 3B ).
Phenothiazine derivatives are membrane-active compounds (for a review see (Michalak et al., 2006; Michalak et al., 2007) ). It has been suggested that their ability to perturb the lipid phase of the cellular membrane may be correlated with their MDR reversal activity (Pajeva et al., 1996) . A correlation between P-glycoprotein inhibition and the ability to change biophysical properties of model phospholipid membranes (i.e., transition enthalpy of the bilayer as well as bilayer fluidity) was observed for phenothiazine methoxycarbonylamides and methanesulfonylamides (Hendrich et al., 2003a) , but not for phenothiazine maleates (Hendrich et al., 2003b) . Bebawy et al. (2001) reported that CPZ reversed resistance to vinblastine in an MDR acute lymphoblastic leukemia cell line but at the same time increased resistance to colchicine. CPZ was also observed to stimulate fluorescein-colchicine transport in inside-out vesicles prepared form membranes of resistant cells. The authors proposed that the observed effects were due to different membrane localization of the two anticancer agents. CPZ was supposed to stimulate the transport of the drug localized in the same membrane leaflet (inner) as the modulator and to inhibit allosterically the transport of the drug localized in the opposite leaflet.
Little is known about interaction of phenothiazines with MRP1. In the case of the observed stimulation of MRP1-mediated BCPCF efflux out of human erythrocytes it was proposed that phenothiazines interacted directly with the transporter protein at a binding site other than the one occupied by BCPCF and stimulated the efflux of the substrate allosterically (Wesolowska et al., 2005a) . Further studies are needed to explain the above observations in detail.
FLAVONOIDS
Flavonoids constitute the main group of polyphenolic compounds present in human diet and their daily consumption is estimated to be as high as 1 g (Scalbert & Williamson, 2000) . Their main sources are fruit, vegetables, and plant-derived beverages such as tea, wine or beer. More than 6500 of various flavonoids have been described (Harborne & Williams, 2000) . Flavonoids differ mainly by the structure of their ring C (oxidation status and substitution) and they are therefore classified into several subclasses such as flavones, isoflavones, flavonols, flavanols, flavonones, chalcones, etc. (Morris & Zhang, 2006) (Fig. 4) . The list of the beneficial effects exerted by flavonoids on human health is very long. Among others, they have been shown to possess antioxidant, antiviral, anti-carcinogenic, anti-inflammatory, antiestrogenic and estrogen-mimicking activities (reviewed in: Morris & Zhang, 2006) , which may translate to the postulated link between flavonoid consumption and reduced risk of cancer, cardiovascular diseases and osteoporosis. Flavonoids have also been shown to interfere with signal transduction pathways involved in cell proliferation (Na & Surh, 2006) as well as with cellular detoxification processes (Yu et al., 1997) .
In the last 15 years flavonoids, being non-toxic natural products, have attracted attention as putative MDR modulating agents. Their interaction with MDR-associated transporters was the subject of recent reviews (Morris & Zhang, 2006; Michalak et al., 2007; Alvarez et al., 2010) . Here only the most relevant studies are discussed. Particular attention is devoted to the cases when the activity of the same compound was tested simultaneously against the both main MDR transporters.
Interaction of flavonoids with MRP1
Since the first report on the inhibition of MRP1 by isoflavone genistein (Versantvoort et al., 1993) many flavonoids have been demonstrated to reduce transport activity of MRP1 (including apigenin, baicalein, kaempferol, naringenin, luteolin, morin, quercetin, myricetin, silibin and others) (Hooijberg et al., 1999; Leslie et al., 2001; van Zanden et al., 2005; Wu et al., 2005) . Hooijberg et al. (1999) showed that genistein increased accumulation of daunorubicin in a doxorubicin-resistant small-cell lung cancer cell line ca. fourfold as compared to control. Kaempferol was identified as the most potent inhibitor of [ 3 H]leukotriene C 4 transport in HeLa cells transfected with MRP1 gene construct (K i = 2.4 ± 1.6 μM) (Leslie et al., 2001) . In studies on the influence of a group of flavonoids on DNP-SG transport by MRP1 luteolin (IC 50 = 0.8 ± 0.1 μM) and taxifolin (1.3 ± 0.3 μM) turned out to be the most effective inhibitors (van Zanden et al., 2004) . On the other hand, when the inhibition of calcein efflux from MDCKII cells ectopically expressing human MRP1 gene was monitored methoxylated flavones were identified as the most active compounds (e.g., the IC 50 value for diosmetin was 2.7 ± 0.6 μM), followed by robinetin (13.6 ± 3.9 μM), kaempferol (19.4 ± 3.6 μM), and myricetin (20.2 ± 4.3 μM) (van Zanden et al., 2005) . In turn, silymarin proved to be the most effective MDR modulator in MRP1-expressing HEK239 cells (Wu et al., 2005) .
Apart from cancer cell lines with MRP1 overexpression induced by drug exposure or transfection with MRP1 gene construct, human erythrocytes have been successfully employed as a model system to demonstrate MRP1 modulating activity of flavonoids (BobrowskaHagerstrand et al., 2003; Lania-Pietrzak et al., 2005; Wesolowska et al., 2009b) . The following flavonoids have been shown to be the most potent inhibitors of MRP1-mediated efflux of carboxyfluorescein derivatives: sophoraflavanones A (IC 50 = 3 μM) and H (7 μM) (Bobrowska-Hagerstrand et al., 2003) ; silybin (5 ± 0.5 μM) and morin (7 ± 1 μM) (Lania-Pietrzak et al., 2005) ; acacetin (6.5 ± 4 μM) (Wesolowska et al., 2009b) ; as well as 8-prenylnaringenin (5.7 ± 1.8 μM) (Wesolowska et al., 2010a) .
Flavonoid structure constitutes also a scaffold for chemical synthesis of new derivatives whose MRP1 modulating activity has already turned out to be very promising. Mavel et al. (2006) obtained a series of flavone derivatives the best of which (tested at 4 μM) was characterized by the MDR ratio for doxorubicin in a resistant GLC 4 /Adr small-cell lung cancer cell line as high as 4.4 (i.e., comparable to the value obtained for the known MRP1 inhibitor MK-571). Newly-synthesized apigenin homodimers also proved to be effective MDR reversal agents (Wong et al., 2009) . The most effective compound reached the MDR ratio for doxorubicin of 12.5 (when tested at 0.5 μM).
Interestingly, some observations suggest that under some conditions flavonoids can also stimulate MRP1-mediated transport. Versantvoort et al. (1996) found that genistein, daidzein and quercetin inhibited daunorubicin transport but stimulated the transport of rhodamine 123 in lung cancer cells. The dissimilar activity of flavonoids in relation to the transport of different substrates was also reported by Nguyen et al. (2003) in human adenocarcinoma cell line Panc-1. The majority of 22 flavonoids studied increased intracellular accumulation of both daunorubicin and vinblastine, however, apigenin, galangin, luteolin and rhoifolin were inhibitors of vinblastine transport but stimulators for daunorubicin. Fisetin and myricetin stimulated the efflux of both substrates, while naringenin decreased the accumulation of vinblastine but not of daunorubicin.
Attempts have also been made to draw some structure-activity relationships for flavonoids as MRP1 modulators (van Zanden et al., 2004; 2005) . When a set of 11 compounds (belonging to different flavonoid subclasses but bearing no other ring substituents than hydroxyl groups) was analyzed two features have been identified that increased the potency of flavonoids to inhibit MRP1 (van Zanden et al., 2004) . These were the presence of two hydroxyl groups at positions 3' and 4' of ring B (that generated the catechol moiety), and the planarity of the molecule provided by the existence of C2-C3 double bond. The molecule's lipophilicity and the total number of hydroxyl groups proved to be less important. When the group of the studied flavonoids was increased a different set of parameters was obtained, including: i) total number of methoxylated moieties; ii) total number of hydroxyl groups; and iii) the dihedral angle between the Band C-ring (van Zanden et al., 2005) . Additionally, LaniaPietrzak et al. (2005) pointed to the importance of a hydrophobic substituent at position 4' of ring B for high MRP1 inhibitory activity of flavonoids. The presence of a large hydrophobic substituent (e.g., prenyl, geranyl, or lavandulyl group) at position 8 of ring A was also reported to increase the potency of these compounds to inhibit MRP1 (Bobrowska-Hagerstrand et al., 2003) .
Interaction of flavonoids with P-gp
The search for effective P-glycoprotein inhibitors among flavonoids has been very intense lately Kitagawa et al., 2005; Chung et al., 2005; Sheu et al., 2010; Zhang et al., 2010) . Among many others acacetin, galangin, myricetin, morin, biochanin A, and kaempferol have been identified to be P-glycoprotein inhibitors. Kitagawa et al. (2005) showed that kaempferol (at 100 μM) increased rhodamine 123 accumulation in P-gp overexpressing KB-C2 cells more than twofold. Biochanin A and silymarin (tested at 100 μM) exhibited high MDR ratios for daunomycin in resistant human breast cancer cell line MCF-7/ADR (3.7 and 2.5, respectively) (Chung et al., 2005) . When accumulation of daunorubicin in the same cell line was studied biochanin A, phloretin, morin, and silymarin (tested at 100 μM) were identified as the most active (Zhang et al., 2010 ). An over three-fold increase of fexofenadine accumulation by P-gp-expressing human colorectal adenocarcinoma HTC-15 cells was obtained when galangin, baicalein, or hesperidin were applied at the 100 μM concentration. It should be noted, however, that the data on P-gp modulation by flavonoids are very context dependent, i.e., different results were observed by different authors depending mainly on the cellular model and substrate used to assess P-gp inhibition by flavonoids. Especially, compounds that were weakly active or non-active in one experimental setting tend to show slight stimulatory activity on P-gp function in other settings (compare, e.g., the results for genistein in Zhang et al. (2010) and Sheu et al. (2010) , as well as for quercetin in Chung et al. (2005) and Sheu et al. (2010) ).
There are also several studies demonstrating significant stimulation of P-glycoprotein transport function by flavonoids. Phang et al. (1993) observed increased efflux of the carcinogen 7,12-dimethylbenz(a)-anthracene from P-gp-expressing breast cancer cells in the presence of kaempferol, quercetin or galangin. The same flavonoids as well as apigenin, fisetin, rutin, and genistein were shown to decrease intracellular accumulation of doxorubicin and to reduce its cytotoxicity to HTC-15 colon cells (Critchfield et al., 1994) . This effect was abrogated by the P-gp inhibitor verapamil. The ability of isoflavones genistein and daidzein to stimulate rhodamine 123 efflux was also observed in vinblastine-resistant colon carcinoma cells (Okura et al., 2010) . The stimulatory effect of flavonoids on P-glycoprotein may be, however, substrate-dependent. Chieli et al. (1995) observed the ability of kaempferol, galangin and quercetin to inhibit the efflux of rhodamine 123 from rat hepatocytes while stimulating the efflux of doxorubicin. Similar substratedependent observations for green tea catechins made Wang et al. (2002) propose that flavonoids could allosterically modulate P-glycoprotein transport. The above communications indicate the notion that unmodified flavonoids should be regarded as P-glycoprotein modulators rather than inhibitors, since they can either up-regulate or reduce its function.
Flavonoids have been subjected to various chemical modifications in order to obtain better P-glycoprotein inhibitors (Chan et al., 2006; Dzubak et al., 2006) . In general, it was found that modifications that increased hydrophobicity of the molecule such as prenylation or geranylation significantly increased the modulatory activity of flavonoids . According to this observation, 8-prenylnaringenin turned out to be an effective inhibitor of rhodamine 123 transport in human adenocarcinoma cells (Wesolowska et al., 2010a) . Additionally, methoxyflavones have recently attracted noticeable attention due to their high activity as P-glycoprotein inhibitors (Choi et al., 2004; Ohtani et al., 2007) .
The structure-activity relationships for flavonoids as P-gp modulators have been intensively studied in recent years. In their study on inhibition of P-gp-mediated transport by 22 flavonoids from four subclasses (Sheu et al., 2010) suggested that the presence of hydroxyl groups at position 7 of ring A and at position 5' of ring B as well as the C2-C3 double bond of ring C were favorable for inhibitory activity. The presence of hydroxyl groups, planar molecule's structure, and hydrophobicity were identified as important parameters for the ability of tea cetechins to affect rhodamine 123 accumulation in Pgp-overexpressing KB-C2 cells (Kitagawa et al., 2006) . On the other hand, Choi et al. (2004) stressed that the number and localization of methoxy groups could influence the P-gp-modulating activity of flavonoids to a greater extent than the number and position of hydroxyl groups. Many studies have been performed in which the affinity of flavonoids for binding to the C-terminal NBD (NBD2) of P-gp was examined (for a review see: Boumendjel et al., 2002; Di Pietro et al., 2002) . SAR analyses performed with the use of data obtained in this model system showed that the affinity for NBD2 binding decreased in the order: dehydrosilybin > chalcone > flavonol > flavone > isoflavone > flavanone . Additionally, the role of the hydrophobicity of ring substituents was stressed since compounds containing geranyl groups were more active than the ones substituted by halogen atoms, followed by flavonoids with methoxy and hydroxyl groups. In summary, flavonoids with high affinity for NBD2 of P-gp should possess OH groups at positions 3 and 5 of ring A, a carbonyl group at position 4, C2-C3 double bond, and finally a hydrophobic motif on either ring A or B . Molecular modeling studies performed on the above set of biological data pointed to steric parameters and hydrophobicity as major physicochemical parameters governing flavonoids' binding to NBD2 (especially the presence of hydrophobic substituents at positions 6 and 8 of ring A was stressed), while the hydrogen-bonding capacity was a minor modulator (Boccard et al., 2009 , Kothandan et al., 2011 .
Interaction of flavonoids with both transporters
Although the literature dealing with MDR modulation by flavonoids is vast, reports in which the anti-Pgp and anti-MRP1 potency of the same group of compounds was tested simultaneously are relatively scarce. Katayama et al. (2007) tested the inhibitory activity of 11 flavones and flavonols against P-glycoprotein and MRP1 in cancer cell lines transfected with the respective gene constructs. Only acacetin and 3',4',7-trimeth-oxyflavone were found to be relatively weak inhibitors of P-gp, while none of the compounds affected the activity of MRP1. The influence of 16 flavonoids on the transport of fluorescent substrates BCECF and rhodamine 123 by MRP1 and P-gp, respectively, was studied by Gyemant et al. (2005) . Inhibitors of both P-gp and MRP1 transporters were identified (chrysin, robinin, epigallocatechin), as well as selective inhibitors of only one ABC protein (e.g., kaempferol inhibited only MRP1, while naringin and floretin only P-gp). Some cases in which the function of one of the transporters was stimulated were also noted (e.g., rotenone and catechin stimulated MRP1 and inhibited P-gp). In turn, two flavones (apigenin and acacetin) and two flavonols (morin and myricetin) have been shown to be potent inhibitors of MRP1-mediated efflux of fluorescent substrate BCECF in human erythrocytes (Wesolowska et al., 2009b) . Their activity to inhibit the transport of the same substrate in resistant breast cancer cells was, however, much lower. This discrepancy was most probably due to the different characteristics of the two cellular models (e.g., different MRP1 levels). None of the studied compounds turned out to inhibit P-glycoprotein (Wesolowska et al., 2009b) . On the other hand, Nabekura et al. (2008) demonstrated that a naturally occurring methoxylated flavone -nobiletin -was an effective inhibitor of both main MDR-associated transporters. Among a group of six polymethoxyflavones isolated from the rhizome of the Thai medicinal plant Kaempferia parviflora two inhibitors of both transporters were identified, while two compounds inhibited only MRP1 (Patanasethanont et al., 2007a; 2007b) . Another example of a flavonoid reducing the transport activity of both P-glycoprotein and MRP1 is 8-prenylnaringenin (Wesolowska et al., 2010a) . In spite of its inhibitory activity, 8-prenylnaringenin was unable to restore sensitivity to doxorubicin in resistant human adenocarcinoma cell line LoVo/Dx. That was probably due to the involvement of other -non-P-gp-dependent -mechanisms of resistance in that cell line.
Putative mechanism of MDR reversal by flavonoids
The mechanism of flavonoid interaction with MDR transporters is believed to involve their binding to the cytosolic NBD domains (Conseil et al., 1998; Trompier et al., 2003) . This was first proposed by Conseil et al. (1998) on the basis of experiments that showed direct binding of simple flavones, isoflavones and flavanones to the purified cytosolic NBD from mouse P-glycoprotein. Such experiments were also conducted for other flavonoids demonstrating their high affinity to nucleotide-binding domains of P-gp (reviewed in ). It has also been proposed that the site of interaction for more hydrophobic flavonoid derivatives was shifted outside of the ATP site, probably to the vicinal steroid binding site on NBD or even to a region within the TMD domain of P-glycoprotein . A similar mechanism was also proposed for the flavonoid-MRP1 interaction (Trompier et al., 2003) .
On the other hand, flavonoids do not block ATP hydrolysis by MDR transporters. Their influence on the ATPase activity of MRP1 can be stimulatory, inhibitory or biphasic (stimulation at low modulator concentrations and inhibition at high concentrations) depending on the flavonoid tested (Leslie et al., 2003; Wu et al., 2005) . Flavonoids were also reported not to interfere with MRP1 labeling by a photoactivable ATP analog (Wu et al., 2005) .
The varied influence of flavonoids on transport of different substrates by MDR proteins (Chieli et al., 1995; Versantvoort et al., 1996) , their ability to inhibit competitively the transport of leukotriene C 4 by MRP1 (Leslie et al., 2003) , as well as to stimulate GSH transport (Leslie et al., 2001) point to possible interactions of at least some flavonoids with drug binding sites of MDRassociated transporters. This supposition is consistent with the results of P-glycoprotein photolabeling with substrate analogs that was inhibited by genistein (Castro & Altenberg, 1997) , morin (Leslie et al., 2003) and green tea polyphenols (Jodoin et al., 2002) . Additionally, some flavonoids have been demonstrated to be substrates of MDR-associated transporters (Wang et al., 2005 , Tian et al., 2006 .
The question of a putative indirect influence of flavonoids on MRP1 transport activity by perturbation of lipid membrane was addressed by Wesolowska et al. (2009b) . No clear relationship was found between the MRP1-inhibitory potency of flavonoids and their ability to change phase transition parameters of lipid bilayers (temperature and enthalpy) and to quench the fluorescence of two fluorescent probes of distinct membrane localization. Additionally, no correlation between logP value of the flavonoid and its biological activity was noticed. Also van Zanden et al. (2005) found no correlation between lipophilicity of the flavonoids studied and their ability to inhibit MRP1.
In summary, flavonoids can interact with NBD domains of both P-glycoprotein and MRP1. Their interaction with the drug binding domains of ABC proteins cannot be, however, excluded. In general, flavonoids seem to be quite a heterogenic group and the mechanisms of MDR modulation by individual compounds may be distinct.
STILBENES
Stilbenes are secondary metabolites of a variety of plants, synthesized either constitutively or in response to environmental stress (Roupe et al., 2006) . The stressinduced stilbenes are often named phytoalexins (plant antibiotics) and their main function is believed to be the defense of the host organism against viral, microbial or fungal attack. Stilbenes are stereoisomers and may exist either in the Z (trans) or in E (cis) form (Fig. 5) ; the majority of the naturally occurring stilbenes are trans isomers. The two forms seem to possess different pharmacological activities (Roupe et al., 2006) . Several stilbenes have been isolated and characterized including pinosylvin, pterostilbene, piceatannol and resveratrol. The pharmacological activity of the latter compound is undoubtedly best characterized. Additionally, tamoxifen, a tissue-selective antagonist of the estrogen receptor used in therapy of breast cancer, is a synthetically obtained stilbene derivative. On the basis of the current phytochemical knowledge one can expect that many more stilbene compounds await identification.
Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a product of the grapevine Vitis vinifera and its main sources in human diet are grapes, red wine and peanuts (Signorelli & Ghidoni, 2005) . After consumption resveratrol is metabolized by cytochrome P450 enzymes and its major metabolite piceatannol (3,5,3',4'-tetrahydroxy-transstilbene) is formed in the liver (Potter et al., 2002) . Both compounds display a wide range of biological activities (for a review see: Baur & Sinclair, 2006; Roupe et al., 2006; Pirola & Frojdo, 2008) . These include anti-inflammatory, estrogenic, and neuroprotective properties, as well as inhibition of angioneogenesis, regulation of gene expression, cell cycle and apoptosis. Resveratrol is also known to possess significant antioxidant activity (Fabris et al., 2008) and to intercalate into the headgroup region of lipid bilayers (Wesolowska et al., 2009c) . Moderate consumption of red wine that can contain a few milligrams of resveratrol per liter (Faustino et al., 2003) is also believed to be responsible, at least in part, for the so called "French paradox" (Baur & Sinclair, 2006) , i.e., reduced risk of coronary heart disease in spite of a high-fat diet. The protection against heart diseases was attributed to the ability of resveratrol to prevent platelet aggregation together with its antioxidative properties and the influence on vasodilation and cholesterol metabolism. Additionally, resveratrol is perceived as a promising candidate for a chemopreventive agent since it was observed to affect tumor initiation, promotion and progression (Baur & Sinclair, 2006) . These activities in combination with the relatively low toxicity of resveratrol arouse hope for its potential prophylactic use.
Interaction of stilbenes with P-gp
Stilbenes that were the most intensively studied in MDR cells characterized by P-glycoprotein expression are tamoxifen and resveratrol. Tamoxifen has been recognized as an effective MDR reversal agent able to sensitize resistant breast cancer cells to doxorubicin (De Vincenzo et al., 1996) . Its activity has been shown, however, to result neither from its ability to inhibit P-glycoprotein nor to down-regulate its expression. Instead, it was related to the ability of tamoxifen to block the cell cycle by arresting cells at the G2/M phase.
Resveratrol (tested at 200 nM) was also demonstrated to sensitize resistant human oral epidermoid carcinoma cell line KBv200 to vincristine (MDR ratio = 7.7), doxorubicin (5.8) and paclitaxel (6.1) (Quan et al., 2008) . Its influence on P-gp transport function was not studied and the MDR reversing activity was attributed to inhibition of MDR1 gene expression as well as to promotion of cell apoptosis. On the other hand, resveratrol has recently been identified as a moderately active inhibitor of transport of daunorubicin and rhodamine 123 by P-glycoprotein both in human epidermoid carcinoma KB-C2 cells and in doxorubicin-resistant breast cancer cell line MCF-7/ADR (Choi et al., 2009) .
The number of studies on MDR modulation by piceatannol and its derivatives is very limited. Ferreira et al. (2006) investigated piceatannol and its derivatives in which different number of hydroxyl groups had been methylated. One of the compounds, 3,5,3',4'-tetramethoxy-trans-stilbene turned out to be a potent inhibitor of rhodamine 123 efflux carried out by P-gp (FAR = 56 at the modulator concentration of 4 μg/ml). It also sensitized an MDR1 gene-transfected mouse T lymphoma cell line as well as resistant human breast cancer cell line MCF-7/KCR to doxorubicin. The MDR-reversing activity of resveratrol, piceatannol and its two synthetic derivatives has additionally been studied in drug-sensitive and doxorubicin-resistant human adenocarcinoma cell lines, LoVo and LoVo/Dx (Wesolowska et al., 2010b) . One MDR modulator that was effective in the resistant cell line was identified -3,5,3',4'-tetramethoxy-trans-stilbene (FAR = 4.8 at the modulator concentration of 100 μM). This compound not only inhibited P-gp-mediated rhodamine 123 transport, but also significantly increased doxorubicin accumulation inside resistant cells and sensitized them to the anticancer drug.
Interaction of stilbenes with MRP1
The ability of stilbenes to interact with MRP1 has not been extensively explored. Wu et al. (2005) found resveratrol to be ineffective in increasing calcein accumulation in an MRP1-expressing cell line. Resveratrol was also shown not to influence MRP1-mediated efflux of fluorescent substrate BCPCF out of human erythrocytes (Bobrowska-Hagerstrand et al., 2006) . In the same study piceatannol was identified to inhibit transport function of MRP1 with moderate activity (IC 50 = 57 ± 9.5 μM), while resveratrol oligomers were potent MRP1 inhibitors (IC 50 for sophorastilbene A was 3.1 ± 1.0 μM, and for (+)-α-viniferin 0.8 ± 0.1 μM). Similar results for piceatannol were obtained in the work of Wesolowska et al. (2007) , in which two new piceatannol derivatives were additionally investigated. The MRP1 inhibition by 3,5,3',4'-tetramethoxy-trans-stilbene was very low but 3,5,3',4'-tetraacetoxy-trans-stilbene turned out to be an effective inhibitor of fluorescent substrate efflux out of erythrocytes. In a recent study Kweon et al. (2010) have demonstrated the ability of resveratrol to reverse the resistance to doxorubicin in an MRP1-expressing acute myeloid leukemia cell line. This effect was, however, attributed to resveratrol-induced down-regulation of MRP1 expression and not to the interference of the stilbene with the protein's transport function.
Interaction of stilbenes with both transporters
The influence of resveratrol, piceatannol and its two derivatives on transport function of both MRP1 and P-glycoprotein (Wesolowska et al., 2010b) has been studied. None of the piceatannol-based compounds that had been identified as MRP1 inhibitors turned out to interfere with P-glycoprotein function. On the other hand, the only P-gp inhibitor identified (3,5,3',4'-tetramethoxy-trans-stilbene) interacted with MRP1 only very weakly. This suggests that the correct design of the side substituents attached to piceatannol scaffolding may yield derivatives selectively interact- ing either with P-gp or MRP1, but the low number of compounds studied precludes any definite conclusions.
Putative mechanism of MDR reversal by stilbenes
The mechanism of the interaction of stilbenes with MDR-associated transporters is poorly understood. Callaghan & Higgins (1995) demonstrated that tamoxifen interfered with P-glycoprotein photolabeling by substrate analogs and increased vinblastine accumulation in P-gpexpressing cells without being a transported substrate itself. Moreover, resveratrol was reported to reduce photolabeling of P-gp by [ 125 I]iodoarylazidoprazosin by 40 % in resistant Chinese hamster ovary cells (CH R C5) (Jodoin et al., 2002) . These observations together with the stilbene structure (two aromatic rings connected by a relatively flexible linker) point to putative interaction of these compounds with the drug binding sites on Pglycoprotein and, presumably, also on MRP1. Future studies are, however, needed to fully elucidate this problem. Also other putative mechanisms of MDR reversal activity of stilbenes should be taken into consideration, such as their influence on gene expression and interference with apoptotic pathways.
CONCLUDING REMARKS
Studies of multidrug resistance modulators, despite having produced no clinically beneficial results yet, have already greatly improved our knowledge about the MDR-associated transporters and molecular mechanisms of their action, especially the process of substrate and/or inhibitor recognition. In the present review the interaction of P-glycoprotein and MRP1 with three groups of MDR modulators was discussed. Each of the groups appears to interact with the transporters via unique mechanism. Phenothiazines most probably directly bind with the protein's substrate recognition sites, although perturbation of the lipid bilayer and indirect influence on transporter activity cannot be excluded. The primary site of interaction of flavonoids with ABC proteins is likely to be within their nucleotide-binding domains, though the more hydrophobic flavonoids may also interact with regions within the transmembrane domains. The possible mechanism of MDR reversal by stilbenes seems to result from their direct interaction with the transporter (possibly within substrate binding sites) but some nontransporter effects such as changes in gene expression pattern and interference of stilbenes with apoptotic pathways should also be considered.
A comparison of the interaction of the modulators from each group with the two main MDR transporters also brings some interesting insights. Phenothiazines that have long been recognized as potent P-glycoprotein inhibitors turned out to be stimulators of MRP1 transport activity (Wesolowska et al., 2005a; 2009a) . Whether this phenothiazine-induced stimulation is a general effect or only a substrate-specific one remains to be discovered. Flavonoids appear to be not exactly inhibitors of MDR transporters but rather their modulators. Among simple, unsubstituted flavonoids very strong inhibitors of either P-glycoprotein or MRP1 can seldom be found; flavonoids may both reduce and stimulate transport activity of P-gp and MRP1. Nevertheless, chemical modifications of the flavonoid scaffold have many times yielded modulators of improved affinity and selectivity towards one of the MDR transporters. Flavonoids bearing hydrophobic substituents deserve particular attention since they tend to be effective inhibitors of both transporters Wesolowska et al., 2010a) . Stilbenes seem to be selectively active against either P-gp or MRP1 2010b) , however, the low number of the derivatives studied precludes definitive conclusions.
In any case, continuing studies on multidrug resistance reversal by different compounds should improve our understanding of MDR transporters and bring us closer to the practical solution of this great clinical problem.
